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Abstract:
A formula for the single transverse spin asymmetry in the large-pT pion production in
the nucleon-nucleon collision is derived. We focus on the chiral-odd contribution where
the transversity distribution and the chiral-odd spin-independent twist-3 distribution con-
tributes. This contribution is expected to give rise to a large effect at xF → −1.
PACS numbers: 12.38.-t, 12.38.Bx, 13.85.Ni, 13.88.+e
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Perturbative Quantum Chromodynamics (p-QCD) has been successful in describing nu-
merous spin-averaged hard inclusive processes. In particular, consistent description of accu-
mulated data on the high-pT production of direct photons, jets and hadrons in the nucleon-
nucleon collisions constitutes an important test of p-QCD. (See [1] for a review.) A minimal
spin-dependent extention of the high-pT production is the single transverse spin asymmetry:
N ′(P ′, ~S⊥) +N(P )→ π(Ppi) +X, (1)
where π(Ppi) is a pion with momentum Ppi which has a large transverse momentum PpiT with
respect to the beam axis. (One can similarly consider the asymmetry for the production of
a direct photon and a baryon, etc.) Note that the spin vector (~S⊥) of the polarized nucleon
has to be orthogonal to the scattering plane. The asymmetry (1) is twist-3 and receives no
contribution from the naive parton model.1 It probes particular quark-gluon correlations in
the nucleons and/or the effect of transverse momentum of partons participating the process
[2, 3, 4, 5, 6, 7, 8]. Although the asymmetry is suppressed by an inverse power of the
hard momentum, a large asymmetry has been experimentally observed for the pion and Λ
production, in particular, at large xF [9, 10].
In this letter, we derive a QCD formula for the polarized cross section (1). Qiu and Ster-
man identified a chiral-even contribution which brings a dominant effect at large positive xF ,
i.e. forward direction with respect to the polarized nucleon beam, and their parametrization
for the twist-3 distribution explained the E704 data at xF > 0 [9] reasonably well. Here we
intend to present another source of the asymmetry, chiral-odd contribution, which is ex-
pected to give a large effect at xF → −1. This kinematic region is accessible by the ongoing
experiment at RHIC.
For later convenience, we recall kinematic variables relevant to the process (1). The
differential cross section is a function of the three invariants defined by
S = (P + P ′)2 ≃ 2P · P ′,
T = (P ′ − Ppi)2 ≃ −2P ′ · Ppi,
U = (P − Ppi)2 ≃ −2P · Ppi. (2)
The variables
xF =
2Ppi‖√
S
=
T − U
S
,
xT =
2PpiT√
S
(3)
1 The asymmetries for the polarized baryon productions, ~N +N ′ → ~B +X or N↑ +N ′ → B↑ +X , are
twist-2 and are described by the polarized parton distributions [11].
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are also used, and are related to T and U as
T = −S
2
[√
x2F + x
2
T − xF
]
,
U = −S
2
[√
x2F + x
2
T + xF
]
. (4)
According to the QCD factorization theorem, the twist-3 cross section for the pion
production (1) can be factorized as [12]
σN ′↑+N→pi+X =
∑
a,b,c
[Ga(x
′
1, x
′
2)⊗ qb(x)⊗ σˆab→c ⊗Dc→pi(z)
+δqa(x
′)⊗Eb(x1, x2)⊗ σˆ′ab→c ⊗Dc→pi(z)
+δqa(x
′)⊗ qb(x)⊗ σˆ′′ab→c ⊗D(3)c→pi(z1, z2)
]
, (5)
where the functions Ga(x
′
1, x
′
2), Eb(x1, x2) and D
(3)
c→pi(z1, z2) are the twist-3 quantities repre-
senting, respectively, the transversely polarized distribution, the unpolarized distribution,
and the fragmentation function for the pion, and a, b and c stand for the parton’s species.
2 Other functions in (5) are twist-2; qb(x) the unpolarized distribution and δqa(x) the
transversity distribution, etc. The symbol ⊗ denotes convolution. σˆab→c etc represents the
partonic cross section for the process a + b → c + anything which yields large transverse
momentum of the parton c.
A systematic QCD analysis for the first term in (5) has been performed in [8]. We shall
analyze contribution from the second term in (5) following the method of [8].3 To this
end we first summerize the twist-2 and twist-3 distributions for completeness. The quark
distribution (for flavor a) can be defined by the lightcone Fourier transform of the quark
correlation function in the nucleon [13, 14]:∫
dλ
2π
eiλx〈PS|ψ¯aj (0)ψai (λn)|PS〉
=
1
2
(/p)ij qa(x) +
1
2
(γ5/p)ij (S · n)∆qa(x) +
1
2
(γ5/S⊥/p)ij δqa(x) + · · · , (6)
where the spin vector S is normalized as S2 = −M2 and the two lightlike vectors p and n
are introduced by the relation P = p +M2n/2 and p · n = 1. For the nucleon moving in
the positive z-direction, the only nonzero components of p and n are p+ = P+, n− = 1/P+.
Here and below we suppress the gaugelink operators between ψ¯(0) and ψ(λn) which ensures
gauge invariance. We write S = S‖ = p −M2n/2 for the longitudinally polarized nucleon
2We use the primed simbols like x′, x′
1
, x′
2
, P ′ for the polarized nucleon, and unprimed ones x, x1, x2,
P for the unpolarized nucleon. This convention is opposite to [8].
3 The third term of (5) is also chiral-odd. Analysis of this term is left for future study.
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and S = MS⊥ for the transversely polarized one. In (6), q(x), ∆q(x) and δq(x) denote,
respectively, the unpolarized, longitudinally polarized and transversity distribution, and
+ · · · stands for the higher twist distributions.
The twist-3 distributions are characterized by the participation of the explicit gluon
fields in the light-cone correlation functions. The complete set of the twist-3 distributions
with two quark fields is classified as [4, 15, 16]∫
dλ
2π
∫
dµ
2π
eiλx1eiµ(x2−x1)〈PS|ψ¯(0)γµgF αβ(µn)nβψ(λn)|PS〉
= MpµǫανκλpνnκS⊥λGF (x1, x2) + · · · , (7)
∫
dλ
2π
∫
dµ
2π
eiλx1eiµ(x2−x1)〈PS|ψ¯(0)γµγ5gF αβ(µn)nβψ(λn)|PS〉
= iMpµSα⊥G˜F (x1, x2) + · · · , (8)
∫
dλ
2π
∫
dµ
2π
eiλx1eiµ(x2−x1)〈PS|ψ¯(0)σµνiγ5gF αβ(µn)nβψ(λn)|PS〉
= iM(S · n) {(gµαpν − gναpµ)− pα(nµpν − nνpµ)}HF (x1, x2)
+M(pµǫναβλ − pνǫµαβλ)pλnβEF (x1, x2) + · · · , (9)
where the flavor indices are suppressed for simplicity, and we use the convention for the
anti-symmetric tensor as ǫ0123 = 1. The four functions GF (x1, x2), G˜F (x1, x2), EF (x1, x2)
and HF (x1, x2) are real and have the following symmetry properties due to the time reversal
invariance:
GF (x1, x2) = GF (x2, x1),
G˜F (x1, x2) = −G˜F (x2, x1),
EF (x1, x2) = EF (x2, x1),
HF (x1, x2) = −HF (x2, x1). (10)
Replacement of the gluon field strength gF αβ(µn)nβ in the left hand side of (7) -(9) by the
covariant detivative Dα(µn) = ∂α−igAα(µn) allows similar decomposition in the right hand
side, which defines another complete set of the twist-3 distributions, GD(x1, x2), G˜D(x1, x2),
ED(x1, x2), HD(x1, x2). These four have the symmetry property opposite to those shown in
(10). We note that {GF , G˜F , EF , HF} and {GD, G˜D, ED, HD} are not independent of each
other, but are related by the QCD equation of motion. In deriving the formulas for various
cross sections, however, it is convenient to keep both expressions.
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In addition to the distribution functions, we need fragmentation functions to describe
hadron productions. The quark fragmentation functions for a pion is defined as [13]
∑
X
∫
dλ
2π
e−iλ/z〈0|ψci (0)|π(Ppi)X〉〈π(Ppi)X|ψ¯cj(λnpi)|0〉 =
1
z
(/ppi)ij Dc→pi(z) + · · · , (11)
where ppi and npi are the light-like vector defined from Ppi similarly to p and n, and + · · ·
denotes higher twist contributions.
With these definitions, one can proceed to calculate the asymmetry (1) for the pion
production. The calculation is done in Feynman gauge following [4, 8]. Figure 1 shows
typical Feynman diagrams contributing to the asymmetry at twist-3. Usual procedure to
analyze the diagrams is the collinear expansion of the parton momenta k1, k2 etc connecting
the hard scattering part and the nonperturbative hadron matrix elements. (See Fig. 1.)
After the collinear expansion, combination of the diagrams gives rise to the gauge invariant
twist-3 contibutions of the form (5) [8], where the momentum of each parton is expressed
by the fractions of the collinear momentum x1 and x2 etc with k1 = x1p and k2 = x2p etc.
In the chiral-odd contribution (second line of (5)), EF (x1, x2) and HF (x1, x2) appear with
the propagator factor
1
x1 − x2 ± iε = P
1
x1 − x2 ∓ iπδ(x1 − x2), (12)
as was the case for the chiral-even contribution analysed in [8]. The reality of the cross
section forces to take δ(x1 − x2) in (12), which keeps only contribution from EF (x1 =
x, x2 = x) (“soft gluon contribution”) due to the symmetry property in (10).
Some of the contributions from EF (x, x) accompany with derivatives of the delta func-
tions like δ′(x1 − x2) and δ′ ((x′p′ + x1p− ppi/z)2). (The latter δ-function comes from the
on-shell condition of the spectator parton and p′ is the light-like vector defined from P ′
similarly to p.) These terms lead to x ∂
∂x
EF (x, x) after integration by parts. At xF → −1,
the process (1) probes the kinematic region with large x and small x′. In this region, the
valence component of EF (x, x) is expected to dominate. Since the valence component of
EF (x, x) is considered to behave as ∼ (1− x)β (β > 0) at large x, one has the relation∣∣∣∣∣x ∂∂xEF (x, x)
∣∣∣∣∣≫ EF (x, x), as x→ 1. (13)
We thus keep only the terms with ∂
∂x
EFa(x, x) for the valence quark with flavor a (“valence
quark-soft gluon” approximation [8]). On the other hand, ED(x1, x2) and HD(x1, x2) appear
with the propagator factor 1/(xi ± iε) (i = 1, 2) which gives “soft fermion” contribution.
This contribution, however, does not show up with the derivatives of the delta function. We
thus do not include this term in this analysis.
The hard scattering part σˆab→c which appears with x
∂
∂x
EF (x, x) is obtained from
∂
∂kσi⊥
S(k1, k2)|ki=xip
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where S(k1, k2) is the hard part of Figs. 1(b) and (c). The effect of the gluon line entering
∂
∂kσ
i⊥
S(k1, k2)|ki=xip is replaced by δ′(x1−x2) or δ(x1−x2) which occurs from the propagator
next to the quark-gluon vertex in S(k1, k2), leaving the 2 → 2 (quark-quark) scattering
diagram. Therefore the calculation of σˆab→c is reduced to the calculation of 2→ 2 scattering
diagrams. For the chiral-odd contribution, the lowest order contribution to this 2→ 2 cross
section is shown in Fig.2. Owing to the chiral-odd nature of δq(x) and EF (x1, x2), the
contribution from the diagrams shown in Fig. 3 vanishes.
With the above described procedure, the final result for the differential cross section for
(1) is obtained as
Epi
d3∆σ(S⊥)
dp3pi
=
πMα2s
S
∑
a,b,c
∫ 1
zmin
d z
z3
Dc→pi(z)
∫ 1
xmin
d x
x
1
xS + T/z
∫ 1
0
d x′
x′
δ
(
x′ +
xU/z
xS + T/z
)
× ǫµνλσpµpiSν⊥pλnσ
(
1
−tˆ
) [
−x ∂
∂x
EFb(x, x)
]
δqa(x
′)δσ̂ab→c
+
πMα2s
S
∑
a,c
∫ 1
zmin
d z
z3
Dc→pi(z)
∫ 1
x′
min
d x′
x′
1
x′S + U/z
∫ 1
0
d x
x
δ
(
x+
x′T/z
x′S + U/z
)
× ǫµνλσpµpiSν⊥pλnσ
(
1
−uˆ
)[
−x′ ∂
∂x′
GFa(x
′, x′)
]
×
[
G(x)∆σ̂ag→c +
∑
b
qb(x)∆σ̂ab→c
]
, (14)
where the invariants in the parton level are defined as
sˆ = (pa + pb)
2 ≃ (x′P ′ + xP )2 ≃ xx′S,
tˆ = (pa − pc)2 ≃ (x′P ′ − Ppi/z)2 ≃ x′T/z,
uˆ = (pb − pc)2 ≃ (xP − Ppi/z)2 ≃ xU/z, (15)
and the lower limits for the integration variables are
zmin =
−(T + U)
S
=
√
x2F + x
2
T ,
xmin =
−T/z
S + U/z
, x′min =
−U/z
S + T/z
. (16)
The first term in (14) is the chiral-odd contribution derived here. The partonic cross section
δσ̂ab→c in this term is obtained from the diagrams in Fig. 2 as
δσ̂ab→c =
{
10
27
+
1
27
(
1 +
tˆ
uˆ
)}
δabδbc,
5
δσ̂a¯b→c = −
{
1
9
+
7
9
(
1 +
tˆ
uˆ
)}
tˆuˆ
sˆ2
δa¯b,
δσ̂a¯b→c¯ = −
{
1
9
+
2
9
(
1 +
tˆ
uˆ
)}
tˆuˆ
sˆ2
δa¯b. (17)
In this contribution, the summation of b is over u- and d- valence quarks in the unpolarized
proton, a and c over u, d, u¯, d¯, s, s¯ etc. The second term in (14) is the chiral-even
contribution derived in [8] with the unpolarized gluon distribution G(x) and the partonic
cross section ∆σ̂ag→c and ∆σ̂ab→c shown in the same reference. We have included this term
in our notation for completeness.
The chiral-odd contribution derived here yet include unknown function δqa(x) and EFa(x, x).
The information on the former is expected to be obtained from other twist-2 processes
like semi-inclusive DIS ( ℓ + N↑ → ℓ′ + B↑ + X) [17], polarized baryon production (
N ′+N↑ → B↑+X) [11], and the polarized Drell-Yan (N↑+N↑′ → ℓ+ℓ−+X) [14, 18] etc.
To get a crude estimate for the latter, we recall those two functions are given from (6) and
(9) as
δqa(x) =
i
2
ǫS⊥σpn
∫
dλ
2π
eiλx〈PS|ψ¯a(0)/nγσ⊥ψa(λn)|PS〉, (18)
EFa(x, x) =
−i
2M
∫
dλ
2π
eiλx〈P |ψ¯a(0)/nγ⊥σ
{∫
dµ
2π
gF σβ(µn)nβ
}
ψa(λn)|P 〉, (19)
where ǫS⊥σpn ≡ ǫµσνλSµ⊥pνnλ. One notices the similarity between (18) and (19) except that
(19) contains the gluon field whose momentum is zero. This motivates us to introduce a
model for EFa(x, x) as
EFa(x, x) = Kaδqa(x) (20)
with Ka some dimensionless parameter. This procedure was actually taken by [8]: Qiu and
Sterman set
GFa(x, x) = K
′
aqa(x) (21)
inspired by the forms of the two functions
qa(x) =
1
2
∫
dλ
2π
eiλx〈P |ψ¯a(0)/nψa(λn)|P 〉, (22)
GFa(x, x) =
1
M
ǫS⊥σpn
∫
dλ
2π
eiλx〈PS|ψ¯a(0)/n
{∫
dµ
2π
gF σβ(µn)nβ
}
ψa(λn)|PS〉. (23)
The second term of (14) with the assumption (21) for GF (x
′, x′) gives reasonably good fit
to the E704 data at xF > 0. Comparison of (18), (19), (22) and (23) would suggest to set
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the parameter Ka in (20) as Ka = K
′
a. The direct measurement of δq and EF would, of
course, be prefered.
At large negative xF , the twist-3 three-gluon distribution coupled with the unpolarized
valence quark distribution may bring large effect in the first term of (5) [19]. This contribu-
tion, however, does not receive enhancement by the derivative (cf. eq. (13)). For comparison
with experiment, more complete analysis including this term would be necessary.
To summerize, we have derived a chiral-odd contribution to the single transverse spin
asymmetry in the pion production, using “valence quark-soft gluon” approximation. This
term may give rise to a sizable effect at large negative xF , as was the case for the chiral-even
contribution which gives dominant effect at large positive xF .
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Figure Captions
Fig. 1 Schematic representation of the diagrams contributing to the twist-3 cross section (5).
Fig. 2 2→ 2 scattering diagrams contributing to the chiral-odd part of the cross section, i.e.
second line of (5).
Fig. 3 2→ 2 scattering diagrams not contributing to the chiral-odd part of the cross section.
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